For the radiologist, calcifications in an abdominal malignancy raise questions of both diagnostic and prognostic significance. Although certain cancers are well known to calcify, such as colorectal and ovarian, malignant abdominal calcifications actually arise from a wide variety of epithelial, mesenchymal, lymphoid, or germ cell neoplasms. The pathophysiology of calcification in abdominal malignancies is heterogeneous and incompletely understood. Calcifications may present primarily, in untreated tumors, or develop during treatment; the latter can occur in variable clinical settings. A basic understanding of the varied pathogenic etiology can assist the radiologist in assessing disease status. By presenting an assortment of calcified abdominal malignancies on computed tomography in varied clinical settings, we aim not only to inform the differential diagnosis, but also to clarify the prognosis of calcifications in abdominal malignancies.
Introduction
Abdominal calcifications have been of interest to radiologists since they were first visualized in the early years of plain radiography, and are a macroscopic window into the patients underlying microscopic pathology. Since the advent of computed tomography (CT), our increased ability to detect calcification has magnified the importance of understanding their varied etiology, to better inform our differential diagnosis.
Pathologic mineralization in the abdomen, and elsewhere, can occur as a result of calcification or ossification, although both cannot always be differentiated radiologically [1] . Calcification refers to insoluble calcium phosphate crystal deposition in soft tissue, in contrast to ossification, which refers to formation of mature trabecular bone. Metastatic calcification occurs in the setting of hypercalcemia, most commonly attributable to hyperparathyroidism, often secondary to renal dysfunction. Dystrophic calcification occurs in dead tissues with normal serum calcium levels, and can be associated with a wide variety of non-neoplastic conditions including atherosclerosis, granulomatous infection, inflammation, fat necrosis, and degenerating tumors [1] . Benign heterotopic ossification can follow trauma (myositis ossificans traumatica) or can be hereditary (myositis ossificans progressiva/fibrodysplasia ossificans) [2] .
In our experience at a tertiary care cancer center, we see calcification in a wide variety of primary and metastatic abdominal malignancies (Table 1) . In this review, we aim to describe various malignant neoplastic causes of calcification in abdomen, including a range of epithelial, mesenchymal, and lymphoid malignancies that calcify in a variety of clinical settings. On imaging, calcification can be seen in treatment-na¿ve primary or metastatic tumors, or it may develop during or after treatment, in the setting of improving or worsening disease.
year in the United States [3] . Among these, adenocarcinomas are the most common source of calcified abdominal masses; specifically, calcified hepatic metastases are most commonly from colorectal primaries, and calcified peritoneal metastases are most commonly from ovarian primaries [4, 5] .
Colorectal cancer
Approximately 40% of patients with colorectal cancer have liver metastases, including 1125% of patients present at initial presentation. Of those, 1128% demonstrate calcification [6, 7] . Classically, the mucinous subtype is most likely to calcify and also carries a worse prognosis [8] . However, Easson et al. [9] found that calcification of liver metastases was correlated with better survival, independent of the degree of differentiation. The pathophysiology of this finding was unclear; on histopathologic review, areas of calcification did not seem to be associated with necrosis or hemorrhage. Easson et al. also noted that some of the noncalcified colorectal metastases to the liver developed calcifications during therapy; however, they could find no association with chemotherapeutic agents or response to therapy [9] (Fig. 1) . Elsewhere in the abdomen, colorectal commonly metastasizes to lymph nodes and the peritoneum. Calcified lymph node metastases from colorectal primary are rare [10] . Calcification within peritoneal carcinomatosis can have a range of appearances, including punctate, curvilinear, amorphous, and coarse, and increasing density of calcification may be associated with disease progression (Figs. 2 and 3 ). Although uncommon, calcified metastases can also be seen to involve other sites, such as skeletal muscle and the adrenal glands [11, 12] (Figs. 4 and 5).
Ovarian cancer
Whereas calcified hepatic metastases are most commonly associated with colorectal primaries, calcified peritoneal carcinomatosis is most commonly associated with epithelial ovarian primaries [4] . Unlike colorectal adenocarcinoma, mucinous ovarian adenocarcinoma calcifies infrequently; the most common presentation is instead a cystic mass. Serous papillary ovarian tumors are the most commonly calcified ovarian neoplasm [13] . Particularly in papillary tumors, the calcifications are predominantly psammomatous, in which a single necrotic cell develops lamellated calcifications, forming a psammoma body [14] . In a series by Burkill et al. [13] , 13% of serous tumors demonstrated calcification, compared with 4% of mucinous tumors and 8% of all ovarian tumors. In this series, calcification was correlated with lower histologic grade but worse survival. However, the pathologic basis of this finding is unclear. In patients with papillary serous ovarian adenocarcinoma, the degree of calcification may not aid in assessing treatment response. Increasing density of calcification may be seen in disease progression or treatment response (Figs. 6 and 7) , although decreasing density of calcification can also be seen with disease progression (Fig. 8) .
Appendiceal cancer
Pseudomyxoma peritonei (PMP) is a nonspecific term for mucinous ascites, which can be localized or diffuse. PMP is most commonly associated with appendiceal 
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mucinous adenoma and appendiceal mucinous adenocarcinoma, but can be seen with other primary malignancies such as colorectal, gallbladder, gastric, pancreatic, lung, and breast carcinomas [15] . The distinguishing imaging characteristic of PMP is low-density ascites with serosal implants, which cause scalloping of visceral surfaces. Septations may be seen within the ascitic fluid, representing an interface between the implants or fibrous tissue between them. Dystrophic calcification of these septae or the implants are common, particularly with large-volume disease, and can be helpful in making the diagnosis [16, 17] ( Fig. 9 ).
Other epithelial cancers
Although adenocarcinoma is the most common epithelial cancer to calcify, calcification is also possible in other epithelial malignancies. Among pancreatic primaries, calcification is seen in up to 22% of islet cell tumors, but only rarely in ductal adenocarcinoma. Approximately 2% of ductal adenocarcinoma can demonstrate psammomatous calcification [18, 19] (Fig. 10 ). Calcification in pancreatic neuroendocrine tumors may be psammomatous, as in somatostatinomas, or form within amyloid deposits, as in insulinomas [20] (Fig. 11 ). Extrapancreatic neuroendocrine tumors can also demonstrate abdominal calcification. Carcinoid tumors, which represent up to 40% of small bowel malignancies, are classically associated with a desmoplastic reaction, tethering small bowel loops and mesenteric calcifications [21] . Up to 60% of small bowel carcinoids are metastatic to the regional lymph nodes or liver at the time of diagnosis. Calcification is seen in up to 70% of metastatic mesenteric nodes [22] (Fig. 12 ). Medullary thyroid carcinoma is a malignant neuroendocrine tumor arising from the C cells of the thyroid gland, and constitutes less than 10% of cases of thyroid cancer. It is associated with a high incidence of distant metastasis to the lungs, liver, and lymph nodes, which can show dense calcification mimicking granulomatous infection [23] ( Fig. 13) .
Transitional cell carcinoma (TCC) is the most common malignancy of the urinary tract [24] . TCC can occur anywhere along the urinary tract, but most commonly in the urinary bladder. Calcifications are more common in renal pelvis primaries (seen in 27%) than in bladder primaries (51%) [24] . Superficial calcification is associated with papillary subtypes of TCC, whereas internal calcification is thought to be associated with necrosis [25] . Metastatic spread of TCC is most commonly to lymph nodes, bone, liver, and lung, but a variety of serosal and visceral and soft-tissue sites have also been reported, which can rarely calcify [26] (Fig. 14) .
Malignant mesenchymal tumors
Malignant tumors of mesenchymal origin are termed sarcomas, which can be subdivided into soft-tissue sarcomas and bone sarcomas. Excluding gastrointestinal stromal tumors (GISTs), the most common soft-tissue sarcomas are leiomyosarcoma, pleomorphic undifferentiated sarcoma, and liposarcoma [27] . Like adenocarcinomas, softtissue sarcomas can develop dystrophic calcifications in areas of cell necrosis or degeneration. A distinctive feature of bone sarcomas is that they can produce osteoid or chondroid matrix, which can mineralize. Soft-tissue sarcomas with osseous or chrondrous metaplasia, or osteoblastic or chondroblastic differentiation, can do the same [28] . Although ossification and calcification are different pathologic processes, their CT appearance is often indistinguishable in extraskeletal masses. Therefore, we include ossified abdominal masses in our discussion of calcified abdominopelvic malignant neoplasms. 
Bone sarcomas
Osteosarcoma is the second most common primary bone sarcoma, with multiple myeloma being the most common primary bone malignancy [29] . By definition, it produces osteoid matrix or immature bone. Cartilaginous elements and chondroid matrix may also be present [29] . Osteosarcoma is an aggressive malignancy that frequently metastasizes by hematogenous dissemination. Up to 3040% of patients develop metastatic disease despite successful resection and chemotherapy [30] . The most common sites of metastases are the lung and other bones. However, atypical sites of metastases are known to occur, and include brain, epidural space, pleura, pericardium, kidney, liver, adrenal gland, and peritoneal cavity [31] . These atypical sites of metastases are more often found at autopsy, but may be incidentally detected during imaging as calcified masses (Fig. 15) . Extraskeletal osteosarcoma is a rare entity accounting for 4% of osteosarcomas, and can be associated with an ossified matrix in 50% of cases. The retroperitoneum is the third most common site of extraskeletal osteosarcoma (817% of cases). Similar to skeletal osteosarcoma, extraskeletal osteosarcoma metastasizes to the lung, bone, liver, peritoneum, and brain, and these metastatic deposits can show calcification, irrespective of the mineralization of the primary tumor [32] . Chondrosarcoma is the third most common primary bone malignancy. There are numerous variants, including conventional intramedullary, juxtacortical, and extraskeletal, which have in common cells that produce cartilaginous matrix. The classic rings and arcs pattern of mineralization represents endochondral ossification of hyaline cartilage [33] . Intermediate-grade and high-grade chondrosarcomas can metastasize, most frequently to the lung and bones, although the solid abdominal organs and lymph nodes can also be involved [34] ( Fig. 16 ).
Soft-tissue sarcomas
As benign fat necrosis is frequently associated with calcification, calcification of the lipomatous elements of well-differentiated and dedifferentiated liposarcoma can Figure 8 A 68-year-old woman with endometrioid cystadenocarcinoma of the ovary with metastases to the retroperitoneal lymph nodes. Axial contrast-enhanced CT shows densely calcified left para-aortic lymphadenopathy (arrows on left). After 8 months of chemotherapy, disease progressed with increasing soft tissue and decreasing calcification within the nodes (arrows on right). Over this period, CA125 increased from 1439 to 3838 units/ml. Figure 9 A 45-year-old man with mucinous appendiceal adenocarcinoma. Axial noncontrast CT image demonstrates scalloping (arrowheads) of the liver margin by peritoneal implants and a fine calcified septation (arrow) within the low-density ascites.
result from fat necrosis [28] . In addition, in a series of 20 patients, Tateishi et al. [35] found calcification or ossification in the soft-tissue components of liposarcoma to be associated with metaplastic elements or osteosarcomatous or chondrosarcomatous differentiation of dedifferentiated liposarcoma. In this series either calcification or ossification in dedifferentiated liposarcoma is associated with a worse prognosis [35] (Fig. 17) . GISTs are the most common form of mesenchymal gastrointestinal neoplasm, but calcification of GISTs is relatively uncommon, with reports in the literature ranging from 3% to 25% [3638] . Primary calcification is more common in tumors larger than 10 cm, and is generally thought to be dystrophic, associated with intratumoral necrosis (Fig. 18) . The tyrosine kinase inhibitors used to treat metastatic GIST induce apoptosis rather than necrosis [39] . Nevertheless, Warakaulle and Gleeson [40] reported in a small series that calcification may occur in the setting of treatment response on tyrosine kinase inhibitor therapy, and our experience has been the same (Fig. 19) . The etiology of such calcification in treatment response to tyrosine kinase inhibitors is unclear [39] . Figure 12 A 69-year-old man with well-differentiated neuroendocrine carcinoma of the small bowel. Coronal contrast-enhanced CT image demonstrates the typical appearance of this tumor, with a calcified mesenteric mass (arrow) and desmoplastic reaction displacing the small bowel loops peripherally. 
Lymphoid malignancies
By definition, lymphoid malignancies originate in lymphoid tissues; these include non-Hodgkin and Hodgkin lymphoma, as well as multiple myeloma. Although they can form solid masses, lymphoma and multiple myeloma originate as liquid tumors and, unlike true solid malignancies, they are unresectable regardless of stage. Thus, where appropriate, the radiologists role is to include them in the differential diagnosis to facilitate the proper clinical management.
The conventional differential diagnosis for calcified lymphadenopathy or soft-tissue mass in radiology excludes untreated lymphoma [41] . In both Hodgkin and non-Hodgkin lymphoma, calcification in untreated disease is in fact exceedingly rare; in a series of 956 patients, Apter et al. [42] reported calcification in less than 1% of untreated patients. By comparison, in their series 28% of lymphoma demonstrated calcification following chemotherapy or radiation therapy. Both primary and treatment-associated calcifications in lymphoma are thought to be dystrophic, associated with cell death or degeneration. Among treated patients, calcification is thought to represent treatment-induced intratumoral necrosis, and is associated with a better prognosis (Fig. 20) . In contradistinction, primary calcification and intratumoral necrosis is seen in aggressive forms of non-Hodgkin lymphoma [42] . In Hodgkin lymphoma, both primary and post-treatment calcification is most commonly reported in the nodular sclerosing classical Hodgkin lymphoma. Dystrophic calcification is thought to be associated with the extensive collagen fibrosis and cellular degeneration typical of this subtype [43] . Multiple myeloma is a mature B-cell neoplasm of plasma cells. It is the most common primary bone malignancy, and the extensive osteoclastic bone resorption common in multiple myeloma is associated with hypercalcemia in as many as one-third of patients. This hypercalcemia can lead to diffuse metastatic calcification of soft tissues [44] . Bone scintigraphy is the most sensitive imaging modality for detecting this process, which is often radiographically occult [45] . In addition to metastatic calcification, plasmacytomas of multiple myeloma can demonstrate dystrophic calcification. Like other Figure 14 A 75-year-old man with recurrent papillary transitional cell carcinoma of the bladder. Axial nonenhanced CT image shows a metastasis in the left obturator internus, with dense calcification (arrowhead on left). Following 9 months of chemotherapy the patients disease progressed, with increasing size and calcification of the left obturator metastasis (arrowhead on right). 
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neoplasms, this can be associated with intratumoral necrosis; unique to myeloma, dystrophic calcifications can also form in areas of amyloid deposition. In a series by Reinus et al. [46] , plasmacytomas with calcifications mimicking chondrosarcoma were biopsied, and demonstrated calcification in areas of amyloid deposition (Fig. 21 ).
Malignant germ cell tumors
Germ cell tumors (GCTs) arise from primitive cells that have not yet differentiated into the previously described categories. These most commonly arise in the gonads, with only 15% of GCTs arising primarily in extragonadal sites. During embryogenesis, multipotential germ cells migrate along the midline from the yolk endoderm to the gonads. It is believed ectopic germ cells along this path are the source of primary mediastinal GCT and primary retroperitoneal GCT. Primary retroperitoneal GCTs constitute up to 40% of cases of extragonadal GCT [47, 48] . Malignant GCTs can be seminomas or nonseminomatous; either can calcify. They are large tumors at presentation and encase, displace, and compress adjacent viscera. Like mature teratomas, in those with mature elements calcifications may arise in mature ectodermal components, such as teeth, or mature mesodermal components, such as bone or cartilage [47, 48] . In the absence of mature elements, calcifications are thought to be dystrophic (Fig. 22) .
Malignant neurogenic tumors
Neurogenic tumors of the abdomen and pelvis include tumors of the ganglionic system (ganglioneuroma, ganglioneuroblastoma, neuroblastomas), paraganglionic system (pheochromocytoma, paragangliomas) and the nerve sheath (neurofibroma, neurilemmoma, malignant peripheral nerve sheath tumor (MPNST)). Calcification is not uncommon in neurogenic tumors [49] . Ganglioneuromas can demonstrate calcification at the time of presentation in 20% of cases. Coarse amorphous calcification can be seen in up to 55% of cases of neuroblastoma on plain radiographs [49] . Calcification can be seen in pheochromocytomas in up to 10% of cases. Nerve sheath tumors, especially MPNST, can also demonstrate calcification.
Our approach to malignant abdominal calcifications
Given the wide assortment of abdominopelvic malignancies that produce calcification, in approaching a case of calcified abdominal metastases with unknown primary, a radiologist should start formulating the differential diagnosis by first familiarizing himself or herself with basic elements of the patients history: gender, age, oncologic history, comorbidities, and exposures. Once any benign causes of calcification are excluded, location alone can often differentiate epithelial, mesenchymal, lymphoid, and germ cell malignancies ( Table 1) . Morphology of the mass and calcifications is secondary. For example, gastrointestinal and pancreatobiliary adenocarcinomas commonly metastasize to liver, lymph nodes, and peritoneum; bony involvement is less common [50] (Table 2) . In a woman with predominantly peritoneal disease, ovarian carcinoma is most likely [13] . As we have shown, these tumors and calcifications can have varied radiographic appearance.
Soft-tissue sarcomas tend to spare the lymph nodes, and the most common sites of metastases are lung, bone, liver, and brain [51] . Sarcomas of the bone, such as osteosarcoma or chondrosarcoma, most commonly metastasize to regional lymph nodes, lungs, and bone [29, 34] . Lymphoma uncommonly presents in extranodal sites without lymph node involvement. Large, homogeneous masses are common, and calcification is very rare in untreated patients [42] . Malignant GCTs present with primary tumors in the gonads or along midline extragonadal sites, ranging from intracranial to mediastinal, retroperitoneal or pelvic [47] .
Conclusion
Calcified abdominal masses can occur in a wide variety of malignancies and a variety of clinical settings. Colonic and ovarian adenocarcinomas may be the first malignant Figure 20 A 52-year-old woman with diffuse large B-cell lymphoma. Axial noncontrast CT image demonstrates large hypodense mass in the right hepatic lobe, which was proved by biopsy to be lymphoma (arrowheads on left). One year later, following chemotherapy and stem cell transplant, the treated hepatic lesion is smaller with amorphous calcification (arrow on right).
Figure 21
A 40-year-old man with multiple myeloma, which had relapsed following stem cell transplant. Axial noncontrast CT image demonstrates a soft-tissue mass in the distal pancreas with peripheral calcification (asterisk). On autopsy, the pancreas was found to be entirely replaced by metastatic multiple myeloma with focal areas of necrosis.
etiology that comes to mind, but a wide range of epithelioid, mesenchymal, lymphoid, and germ cell tumors should be included in the differential diagnosis. Calcifications may be primary or may arise during treatment; the latter are frequently associated with disease progression rather than treatment response. Although much is yet to be understood about the histopathologic basis of calcification of malignant masses, it is clear that calcification in abdominal tumors is not synonymous with necrosis or benignity. 
